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Mixture of illite-kaolinite for efficient water purification:
Removal of As(III) from aqueous solutions
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ABSTRACT

Adsorption technology is one of the most promising technologies to remove heavy metals from
water. This paper aims to remove arsenite As(III) from contaminated water using a less costly, easier
to handle and efficient absorbent. Purified natural clay was characterized and tested as an adsor-
bent. Mineralogical and textural analysis showed that this adsorbent is a nonswelling clay mineral
(illite + kaolinite) and a mesoporous material with specific surface area S, = 128 m*g™. A series of
batch tests were performed as a function of contact time (10-180 min), temperature (25-55°C), initial
As(III) concentration (20-100 mg-L™) and solid/liquid ratio (525 g-L™). The adsorption equilibrium
studies revealed that Freundlich isotherm was followed with a better correlation than the Langmuir
isotherm, moreover, it was intra particle diffusion controlled. The adsorption of As(III) onto the
mixture illite-kaolinite was significant in the pH range 9-10.8 with a maximum adsorption capacity
9, = 2331 mg-g7. At 298 K, the thermodynamic investigation indicates that the adsorption processes
is spontaneous (AG® .. = -9.3 k]-'mol™) and exothermic (AH® , = -4.58 k]-mol™). The AS° , parameter
was found to be +15.8 J-mol™- K" meaning an increase in the randomness of the processes at the sur-
face of clay particles.

Keywords: Illite/kaolinite clay minerals; Arsenite adsorption; Freundlich and Langmuir models;

Intra particle diffusion; Thermodynamics

1. Introduction

In Africa and especially in Sudan, groundwater is one
of the major sources of drinking water. Unfortunately, this
water may be contaminated by heavy metals such as arse-
nic which is the most dangerous pollutants [1].

World Health Organization (WHO) have lowered the
provisional guideline for As in public water to 10 pg-L™
[2]. Arsenic contaminated water contains arsenous acid
H,AsO, and arsenic acid H,AsO, or their derivatives. Arse-
nite As(III) is more dangerous and more difficult to remove
from drinking water than pentavalent arsenate As(V) [3].

*Corresponding author.

So, the literature review showed that removal of the As(V)
from water was more studied than As(IIl) using different
low-cost absorbents [4].

Several techniques for the removal of As from water are
available; including reverse osmosis, ion-exchange, coag-
ulation/precipitation, adsorption etc. Each process has its
own merits and demerits such as the operational high costs.
Adsorption still remains an attractive and promising tech-
nology, because of its simplicity, ease of operation and han-
dling. Natural clays and their modified forms have received
more attention for use as an adsorbent in removing water
pollutants such as arsenic ions (As(Ill) and As(V)) [5].

In 1988, natural China clay with S, = 13.5 m>g™
was used to remove arsenite from aqueous solutions [6].
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Maximum removal was found to be 0.023 mg-g™' at pH
= 8 after 3H of contact time. In another study, maximum
removal reached 75 mg-g™ when a natural clay, composed
of 80% smectite and 20% illite with S = 158 m*g™ (43% of
porosity) was tested for removal of arsenite(III) from water
at 298K and pH range 3-9 [7].

Natural laterite (rock type rich in iron and aluminum)
was used as an adsorbent for As(Ill) removal with as max-
imum efficiency about 98% at S/L = 4/100 and [As™] =1
mg-L7 [8]. Sepiolite which is a non-swelling, lightweight
and porous clay mineral with S;..= 300 m*g™ was investi-
gated to remove As(Ill) from groundwater [9]. The results of
this study showed that when the absorbent was iron oxide-
coated its maximum adsorption capacity had reached 0.309
mg-g™. Arsenite(Ill) adsorption on natural side rite (iron(II)
carbonate FeCQ,), achieved equilibrium at 24 h with max-
imum adsorption capacity (g,) = 9.43 mg-g™ [10]. The dif-
ferences in the maximum adsorption capacities of natural
clays could be attributed to the following parameters: iron
content, specific surface area S, and average pore diame-
ter [11]. The acid- activated montmorillonite (swelling clay
mineral type 2/1) with high S, 140 m*g™ has a maximum
adsorption capacity equal to 159.43 mg-g™ for As(III) at fixed
pH = 5. However naturally monmorillonite (S, 32 m*g™)
has a maximum adsorption capacity for As(Ill) equal to
10.34 mg-g [5]. The Ti-pillared montmorillonite (S, 164.6
m?g™ and average pore diameter 1.76-2.76 nm) had a maxi-
mum adsorption capacity of about 16 mg-g™, when tested to
remove As(Ill) from drinking water at optimum pH within
the range 4-10 [12]. Synthesized and calcined 2:1 clay type-an
alumina octahedral sheet sandwiched between two silica tet-
rahedral sheets-was found to has a higher maximum adsorp-
tion capacity of 295 mg-g for As(IlI) removal from aqueous
solutions [13], but unfortunately, the adsorption process was
slow, it took 20 h to reach the equilibrium state.

Authors noted that competing anions strongly affected
the adsorption of As(IIl) onto clay when the clay contains
about 10% iron (Vermiculite) the maximum adsorption
capacity of arsenite, at pH = 5 and T = 293 K, had reached
72.2 mg-gafter 30 min of contact time [14].

The present paper aims to investigate natural, modified
and low cost clay as an absorbent to remove arsenite from
aqueous solutions under different parameters (initial con-
centration of As* ions, temperature and adsorbent dose).
After characterization of the adsorbent used, modelling of
kinetic data and thermodynamic behavior were carried out
to reach more insight into the adsorption process.

2. Materials and methods
2.1. Preparation of the adsorbent

Raw clay sample was purchased from Almarwani for
Spices Company, Saudi Arabia. Due to its wide disper-
sion and easy separation, the raw clay was converted to its
sodium form by ion exchange process with sodium chloride
[15]. Certain amount of the clay was suspended in 1 M NaCl
solution with 5% clay to solution ratio, and agitated for 12
h using mechanical stirrer, Heidolph instruments type RZR
1, Germany. The Na-clay was separated from the solution
by centrifugation for 10 min at 5000 rpm using EBA 20 cen-
trifuge Hettich Type. The process repeated several times.

Excess chloride was washed out repeatedly with double
distilled water and the supernatant was tested for excess
chloride by a simple silver nitrate test. The modified clay
was then dried in an oven for 72 h at 60°C, ground and
sieved to obtain a fine texture.

2.2. Adsorbent characterization

The Na-clays were characterized by a powder X-ray
diffractometer (Phillips Xpert-pro) between 5° and 60° 26
using Cu K radiation. The microstructure of the adsor-
bent was investigated using a JEOL JED2200 series cou-
pled with an energy dispersive X-ray detector (SEM/EDS).
Fourier Transform Infrared (FTIR) spectra in the region
4000—400 cm™ were investigated using Thermo Scientific
spectrometer with DTGS detector and a KBr splitter. The
KBr pressed disc technique (1 mg of sample and 200 mg
of KBr) was used. Spectra manipulations were performed
using the OMNIC software package (Thermo Instruments
Corp.). The specific surface areas and pore size distribu-
tion were estimated by N, physisorption at 77 K with the
application of the Brunauer-Emmet-Teller (BET) equation
on a Micromeritics ASAP2000 apparatus. The sample was
degassed at 373 K prior to BET measurements during 1H.
Thermo gravimetric analysis (TGA/DTG) was performed
with a SETRAM type 124 TG/DTA instrument using alu-
minum as inert reference material. The temperature was
increased from room temperature to 900°C at the regular
increment of 10°C/min in the air atmosphere.

2.3. Reagents and Instrumentals

A stock solution of arsenite 1g-L" was prepared from
NaAsO, salt provided by Fine Chemical, UK (purity >99%).
Different solutions in the concentration range 20-100 mg-L™*
of As(Ill) were prepared using deionized water by dilution
from the stock solution. The concentration of As(II) was
measured using Inductively Coupled Plasma ICP (Perkin
Elmer instrument) at wavelength 228 nm calibrated using
standard diluted As(III) solutions.

2.4. Batch adsorption experiments

Our adsorption experiments were carried out by a batch
process. Twenty five milliliters of aqueous solution at the
desired initial concentration was mixed with 0.125 to 0.625
g of clay at initial pH about 7.5.

The effect of temperature for As(Il) adsorption on the
Illite-kaolinite clay was studied in 50 mL Erlenmeyer flasks
containing 25 mL of synthetic arsenite solution (20 mg/L)
and S/L ratio = 0.5. The Samples were shaken using shaker
incubator model LSI-100B from KWF Sci-Tech & develop-
ment Co. The temperatures were 298, 308, 318 and 328 K.

The adsorption capacity of As(Ill) at equilibrium, (g,
mg-g™), was calculated according to Eq. (1):

_(G-C)v M

‘ m
where g, is the amount of As(Ill) adsorbed per unit weight
of clay in (mg-g™), C, is the equilibrium concentration of
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As(Ill) in (mg-L™"), C, is the initial metal ion concentration
in (mg-L™), V is the volume of solution in (L) and m is the
dry weight of the clay in (g).

3. Results and discussion
3.1. Characterization of adsorbent
3.1.1.XRD analysis

Fig. 1 shows the diffraction results of the adsorbent
used. The d-spacing observed at 10.42 and 7.12 A are typ-
ical for illite and kaolinite respectively and agree well with
those reported in the literature [2]. In this figure, we can
also see a peak of quartz at d = 4.46. According to this min-
eralogical analysis, we can state that the clay is naturally
composed of illite associated with kaolinite and quartz.

3.1.2. Morphological characterization of the adsorbent

The SEM image of the adsorbent studied in this work
is shown in Fig. 2. A perfect cleavage can be observed (see
Fig. 2a). From Fig. 2b, we can observe that the surface
morphology appeared to possess an irregular texture and
porous cavities depending on the pore size and diameter
of the absorbent and ionic size and diameter of the sol-
uble forms of As(Ill) which are available sites for As(III)
adsorption. The qualitative chemical analysis showed an
aluminum silicate mineral with amounts of Fe and Mg
(Fig. 2¢).

3.1.3. Textural properties

As it can be seen in Fig. 3 the N, adsorption desorption
isotherms exhibit type IV isotherms with H3 type hystere-
sis loop. This type is characteristic of relatively large pores
(about 50 nm mesopores with capillarity condensation
mechanism).

The pore size distribution was calculated using the Kel-
vin equation as a relationship between the vapor relative
pressure and the pore radius (Barret-Joyner-Halenda anal-
ysis BJH). The pore size distribution depicted in Fig. 4 are
typical for materials which have slit-shaped pores.

As it can be seen from this figure, the clay shows a pore
size distribution in the mesopores range (5-50 nm) with a
significant contribution of pores around 40 nm of diame-

illite (001) d=10.42

Kaolinite (002) d= 3.56 illte (003) d=2.7

Kaolinite (0011 d=7.12  Quartz (100) d= 4.46
ilite (002) d= 6.4

Intensity (u.a.)

3 10 15 20 25 30
28, degrees

Fig. 1. X-ray diffraction (XRD) pattern of the clay used.

ter. Textural parameters of the adsorbent are summarized
in Table 1.

3.1.4. FT-IR analysis

Fig. 5 shows the FT-IR spectrum of the clay used in this
study. Kaolinite Si-O stretching vibration appeared at 798
cm™. Adsorption bands at 794 cm™ and 912 cm™ are also
attributable to kaolinite [2]. For illite, a peak at 3620 cm™
is observed which is due to the inner-surface OH groups
located on the surface of the octahedral sheet between 2 lay-
ers. The vibration of adsorbed water appeared at 3420 cm™
and for the hydration water at 1640 cm™.

3.1.5. Thermal analysis

The thermal decomposition of the adsorbent used in
this work was investigated with the thermogravimetric
(TG) and differential thermogravimetric analysis (DTA).
Results are reported in Fig. 6. Three stages of mass loss are
observed. The first loss can be assigned to the loss of a small
percent (2.7%) of adsorbed water in the bulk of clay par-
ticles in the channels that are attached to the sides of the
silicate units. The loss of such adsorbed water is more grad-
ual and may persist continuously to a temperature higher
than 100-150°C. The following losses were the lower range
dehydroxylation (450-600°C) and higher dehydroxylation
(600-900°C), respectively. The lower and higher dehydrox-
ylation temperature ranges (450-900); represent the forma-
tion of metakaolinite phase [2-7].

3.2. Adsorption isotherms

The Langmuir and Freundlich isotherms are the most
common isotherm models, used to describe physical
adsorption in a solid-liquids system. The Langmuir equa-
tion is defined as follows:

_ KLqmaxC

- @)

T =1rk,.C

where g, _is the maximum adsorption capacity of the adsor-

bent (mg-g”') and K, (L-mg™) is the Langmuir adsorption

constant related to the binding energy of adsorption [10].
The Freundlich model is defined by:

qe = klfce%1 (3)

where k, is the Freundlich constant indicating the relative
adsorption capacity for the adsorbent, and 1/ is the hetero-
geneity factor indicating the adsorption intensity [10].

Both Egs. (2) and (3) with two adjustable parameters
were numerically solved using the solver program of Mic-
rosoft Excel with Newton method.

The mean square error (MSE, objective function) used
was based on the relative deviation between the experimen-
tal valueq, . . and the theoretical value g and calcu-
lated from Eq. (4):

2
N
qe,ex erimental qe,mndel
MSE = 2( L J (4)

i=1 qE,experimental

e,model
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Table 1
Textural parameters of the studied adsorbent
Property Suer BJH Single point Total pore Average pore  Average pore
(m2/g) surface (m2/g) surface Area at volume size by BET (A) size by BJH (A)
p/p°=02(m*/g)  (cm’/g)
Value 128 86 126 0.320 75.6 148.0
18] © S/L=5g/L %
A S/L=10g/L 7
= 161 o s/=15g/1 /”<>
g o 14 & S/L=20g/L /
.E : 4 S/L=25g/L ’/’
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Fig. 6. TG-DTA thermogram for the starting material.

The root mean square error (RMSE, percentage devia-
tion) function was calculated for the different models using

Eq. (5):

%RMSE =

N m & ©)

2
1 i[ qe,experimental - q?,model ] % 100
qe,experimental

where N is the number of experimental points and m is the
number of identified parameters. Eq. (5) indicates the per-
formance of the best fit between the experimental and pre-
dicted curves.

A comparison between the experimental amount of
As(III) adsorbed per unit weight of clay and the simulated
data using Langmuir or Freundlich isotherms is shown in
Fig. 7.

K Results in Fig. 7 showed that Freundlich model fitted
As(III) adsorption data at different solid to liquid ratios

Concentration of As(l11) in equilibrium /mg.L't

Fig. 7. Equilibrium isotherm plots for As(III) onto illite + kaolin-
ite at a different ratio (solid/liquid 5-25 g-L; T = 308 K and
[As*],= 20 mg-L™") (Langmuir isotherm: dashes lines and Fre-
undlich isotherm: solid lines).

(S/L) better than Langmuir isotherm model. The obtained
parameters (g, , K, k,and n) and root mean square devi-
ation for each S/L ratio are summarized in Table 2. When
the value of the parameter n is greater than unity that
indicates the existence of repulsive forces between sorbed
molecules [11]. From Table 2, we note that n values are
less than unity and RMSE values of Freundlich equation
were lower than Langmuir model. This might be due to
the heterogeneous distribution of active sites on the clay
surface.

3.3. Thermodynamic parameters

To calculate the thermodynamic parameters, we use the
following equation:

©)

where K° is the standard equilibrium constant which is a
dimensionless parameter, but the units of AG®, R and T are
J-mol™, J-mol™K™ and K respectively. K° is related to the
constant (k,= q/C) and the standard equilibrium constant
could be calculated as [16,17]:

AG°=-RTInK"

xC" 7)

Adsorbate

Ke=Tesm
Cf.’
where M is the molecular weight of species adsorbed, C°

is the concentration of the solution in the chosen standard
state (C° = 1 mol-L?). Then:
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Table 2

Isotherm parameters for As(III) adsorption onto Illite-kaolinite at different solid/liquid ratios S/L (525 g-L™) and T = 308 K and

[As(II)],= 20 mg-L™

Parameter Dnax K, k, n RMSE RMSE
(mg-g™) (L-mg™) x 10° (mg' /g LY Langmuir Freundlich
S/L=5gL* 233.1 704 1.492 0.948 0.18 0.17
S/L=10 g-L™ 233.1 353 0.472 0.737 0.24 0.09
S/L=15 gL 233.2 220 0.397 0.873 0.15 0.09
S/L=20g-L* 233.3 171 0.235 0.757 0.21 0.11
S/L=25g-L" 233.2 142 0.283 0.914 0.12 0.10
° AS° 3.94
Lnkeo= A AS (8) e
RT R
and 3.89
AH® - AG® E ©
AS° = TG ) 5 384
The AH® value was determined from the slope of the 379
linear plot of Eq. (8), as shown in Fig. 8.
The values of thermodynamic parameters determined .
in this work are repor.ted‘in Tabl.e 3. 3 3.05 31 3.15 3.2 3.25 33 335 3.4
AG® decreases with increasing temperature The neg- (L/T)x10%

ative AG® values indicate that the adsorption process is
thermodynamically favorable and spontaneous. According
to the value of AH® (negative), the adsorption of arsenite
is an exothermic process. However, the positive value of
AS° corresponds to the increasing randomness at the inter-
face clay-arsenite solution and indicates the high affinity of
illite + kaolinite for As(III). Also, it suggests some structural
changes in the arsenic types. For example, in natural water,
the major arsenite species are H,AsO,, H,AsO;, HAsO > [9].
In acidic medium, the adsorption of As(IIl) is not favorable
[18]. Fig. 9 shows the speciation of arsenite (III) as func-
tion of the pH of the solution [4]. In the pH range 0-9, the
adsorbed species is mainly the H,AsO, but at pH range
10-11, the anionic form H,AsO; predominates. All our
experimental sets were conducted in this range.

The interaction of arsenite species on clay surface can be
described schematically as follows[8]:

=MOH + H,AsO, — = MH,AsO, + H,0 (10)
2=MOH + H,AsO, - [EMHAsO,M=] + 2H,0 (11)
=MOH," + H,AsO,”— =MH,AsO, + H,0 (12)

where =MOH represents a reactive surface hydroxyl and
M represents Si or Al/Fe. Eq. (10) represents monodentate
ligand exchange and Eq. (11) the bidentate step. Whereas,
Eq. (12) depicts the reaction at the protonated surface. All
reaction products and stoichiometry are identified using
X-ray spectroscopy (XAS) [8].

3.4. Kinetic study

3.4.1. Effect of contact time

Fig. 10 illustrates the As(III) removal rates as function
of contact time at T = 308 K, S/L = 0.5% and [As*]  varies
between 20-100 mg-L™.

Fig. 8. The plot of InK® versus 1/T for As(Ill) adsorption on il-
lite/Kaolinite clay.

Table 3

Thermodynamic constants for the adsorption of arsenite on
illite + kaolinite at various temperatures (Time = 3h, [As®*] =20
mg-L'and S/L=5g-L7)

T AG® AH® AS°
(K) (kJ-mol™) (kJ-mol™) (J-mol K1)
298 -9.3 —4.588 15.8
308 -9.8 16.8
318 -10.2 17.6
328 -10.7 18.7

From this figure, we note that the adsorption rates are
fairly high at the beginning and decline throughout the
time. After 120 min, the reaction approaches equilibrium.

3.4.2. Effect of adsorbent dosage

The influence of adsorbent dosage in equilibrium
uptake was studied at different initial concentrations
[As*], = 20, 40, 60, 80 and 100 mg-L™". As it can be noted
from Fig. 11, the adsorption capacity of clay used decreases
as the ratio Solid/Liquid increases, this is probably due
to the creation of particles aggregation which reduces the
specific surface area and leads to an increase in the dif-
fusional path [19]. The second probable is due the reduc-
tion of the number of unsaturated sites [13]. Furthermore,
as the amount of clay is increased, the pH of the medium
increases, which affects the surface boundary and the arse-
nite speciation (see Fig. 9).
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Fig. 9. Distribution of As(Ill) as a function of pH [4].
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Fig. 10. The plot of As(III) removal rates against contact time at
T =308 K and absorbent dose 5 g-L™.
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Fig. 11. Effect of clay used dosage on the adsorption capacity.

3.4.3. Adsorption modelling

Different models were used to investigate the kinetics
of adsorbent-adsorbate interactions. The kinetics of As(III)
adsorption from aqueous solutions using different types of
clay material was well described by a pseudo-second order
chemical reaction model [5,8-12,14,16,20]. All the earlier

investigations noted that the pseudo-second order model
assumes that the limiting step is the surface reaction. How-
ever, this model is unable to give others important adsorp-
tion parameters such mass transfer coefficient or effective
pore diffusivity coefficient.

Studying the adsorption of As(Ill) on natural swelling
clays (Sy; 25-140 m?/g), Zehhaf et al. [5] attributed the
change of basal spacing d,, before and after adsorption to
the As (III) and As(V) diffusion into the inter-layers of clay
and the mechanism embroiled in the adsorption could be
investigated using intra-particle diffusion model [16]. In this
work, the pseudo-second order model and the intra-particle
model will be tested.

*  Pseudo second order reaction model
This model states that the adsorption capacity is pro-
portional to the number of active sites on the surface.
The differential equation is :

dq

d_tizkz(% _EIt)Z

(13)

The boundary conditions of this equation are:
t=0—-tandq=0-—q,
The rate law from Eq. (13) becomes:

1 £t

kz‘?f qe qt

(14)

where k, is the second order rate constant (g-mg*-min™); g,
(mg-g™) amount of adsorption at time ¢ (min) and g, (mg-g™)
amount of adsorption at equilibrium.

By plotting t/qt versus t, we can determine the parame-
ters k, and g, from Eq. (14).

e Intra particle diffusion control
The model is based on the Weber-Morris equation
and described by:

9. =k xt+c (15)
where k, is the interparticle diffusion rate constant (mg-g'-
min'/?) and ¢ is a constant related to the thickness of the
boundary layer.

The possibility of intra-particle transfer as a rate limit-
ing step is confirmed by the straight line plots of g, as func-
tion of \/t according to Eq. (15).

e,cal

In Fig. 12, we represent the q
e,exp

ratio versus contact
time for the pseudo-second-order model. As it can be seen
from this figure, the beginning is not well fitted by this
approach. Values of the mean root square error (MRSE) and
the coefficient R? values are summarized in Table 4.

The value of the k,, was calculated from the slope of the
linear plot of g, versus t'/? (Fig. 13). It is clear from Fig. 13
that adsorption data of arsenite (III) onto the natural mix-
ture of illite-kaolinite clay minerals fitted well in the inter-
particle model with high correlation coefficients and low
RMSE at different S/L ratios. K, lies between (1.1-1.8) x
102 mg-g-min"/2 The fitted constants for the inter particle
diffusion model are shown in Table 4.
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4. Conclusion

Within the bounds of this study, naturally mixtureillite
+ kaolinite clay mineral — mesoporous solid — proved to
be effective for removing As(IIl) from aqueous solutions
via adsorption technique. Experimental parameters such
as contact time, adsorbent dose, initial arsenite concen-
tration and temperature have been investigated and opti-
mized. It is established that both ligand exchange and ion
exchange at the surface may be the mechanism of adsorp-
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Fig. 12. Pseudo-second order representation at different solid/
liquid ratios.
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Fig. 13. Inter particle diffusion model at different solid/liquid
ratios.

Table 4

tion. The maximum adsorption capacity was calculated
by fitting Langmuir equation to the adsorption isotherms
and found to be 233.1 mg-g™ of clay and the Freundlich
model was in good correlation with the adsorption iso-
therms data. The negative values of AG® and AH® reveal
that the adsorption process is spontaneous and exother-
mic. The intra particle diffusion model was found to
best correlate to our experimental data. The value of the
intra particle diffusion rate constant K, is about 0.012
mg-g~-min™’. The results obtained in this work suggest
that natural mixture of illite + kaolinite may provide the
cost-reducing alternative to remove As(III) from ground-
water and drinking water and to solve real problems in
some countries.
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